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Abstract: Sulfides should be removed before the recovery of cassiterite from tin-rich miner-
als due to their similarity in flotation properties. However, the traditional methods used
have low selectivity. Therefore, moderately thermophilic microorganisms were used to
desulfurize tin ore in this study, and the success of the microbial community was investi-
gated. The bio-desulfurization rate reached 90% on the 10th day using the mixed culture
of Leptospirillum ferriphilum (L. ferriphilum), Sulfobacillus thermosulfidooxidans (S. thermosul-
fidooxidans), and Acidithiobacillus caldus (A. caldus), while the pure culture needs at least
14 days. The results of X-ray Diffraction (XRD) and Inductively Coupled Plasma show that
the sulfides were nearly fully solubilized. XRD results showed no pyrite in the residue,
indicating that pyrite was almost fully removed while cassiterite was enriched compared
with the original minerals. The high-throughput sequencing analysis showed that S. ther-
mosulfidooxidans were the predominant species during the early bioleaching period, and
L. ferriphilum were the predominant species in the following period. A. caldus is consistently
detected and accounts for 30–50% of the different growth stages. This study supplied a
potentially practical application for the desulfurization in tin ore.

Keywords: bio-desulfurization; tin ore; moderately thermophilic bacteria; community
success; bioleaching

1. Introduction
With the rapid development of industry and urbanization, the demand for tin has

greatly increased, leading to its significant consumption. However, it is reported that global
tin deposits—defined as known reserves that are economically mineable under current
conditions—have a static lifetime of 22 years [1]. This is relatively short compared to other
metals. On the other hand, the high content of sulfide minerals in most tin ores significantly
decreases the metal recovery during the flotation process [2]. The close specific gravity
of iron sulfides (e.g., pyrite with a density of 4.9–5.2 and pyrrhotite with a density of
4.6–4.7) to cassiterite severely interferes with the gravity separation process, resulting in
poor separation performance. Therefore, effectively removing sulfides before cassiterite
gravity separation to mitigate their adverse effects and comprehensively recover valuable
sulfides is a key challenge and focus for the efficient development of these primary tin
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ores [3]. Consequently, removing sulfide ores before the recovery of tin ores is considered
an essential pretreatment method. The most effective traditional method to remove sulfide
ores is through flotation. Researchers used different flotation reagents to separate tin ore
from other iron sulfides [4]. However, these methods have low or insufficient selectivity
which causes cassiterite to decrease or become low-grade [4]. The presence of iron sulfides,
especially pyrrhotite, makes it more difficult to separate and recover copper and zinc
sulfides. This is due to their varying properties, tendency to oxidize, and ability to form
slimes, which disrupt the flotation process. Addressing these challenges is essential to
improving sulfide removal and achieving selective recovery [5].

Bio-desulfurization has attracted widespread attention because of its environmen-
tal friendliness, low costs, and high efficiency. Xu et al. reported that the cost of bio-
desulfurization from coal is about CNY 40–50 (Chinese Yuan)/ton [6]. It is more market-
competitive than the traditional ways of desulfurization, such as pre-combustion desulfur-
ization. The bio-desulfurization of chemically treated coal using the bacterial strain IQMJ-5
coated with iron oxide (Fe3O4) can remove approximately 61% of organic sulfur and 86.57%
of total sulfur from coal [7]. The main sulfides found in cassiterite ores include pyrite [8],
chalcopyrite [9], etc. However, there are almost no studies related to removing pyrite from
tin-rich ores. The organisms used for bio-desulfurization are the bio-hydrometallurgical
microorganisms from coal or other minerals such as A. ferrooxidans, A.thiooxidans, and L.
ferriphilum [10]. Therefore, the bio-desulfurization of tin ores is promising. Nevertheless,
there is almost no research related to the bio-desulfurization of tin-rich ores.

Based on their growth temperature range, bacteria used in bioleaching are classified
into three types. These include extreme thermophilic bacteria [11,12] (optimal growth
temperature > 60 ◦C), moderately thermophilic bacteria (optimal growth temperature
between 40 and 60 ◦C), and mesophilic bacteria (optimal growth temperature between
20 and 40 ◦C) [13]. Moderate thermophiles have certain advantages compared with the
other temperature bacteria. They can tolerate higher pulp density and metal ion concen-
tration compared to extreme thermophiles [14]. Compared with mesophiles, they have
higher enzyme activity and leaching rates [15]. Therefore, moderately thermophilic bacte-
ria were selected to remove sulfide minerals from tin-rich ores. Liu et al. used moderate
thermophiles to bioleach pyrite and achieved pyrite leaching rates of up to 91.14 % [16].
Vardanyan et al., using Leptospirillum ferriphilum CC to bioleach pyrite, extracted 91.4% of
iron [17]. The mixed culture shows a higher bioleaching rate than pure culture, showing
different dominant strains during diverse cultures [17]. Thus, to improve the bioleaching
rate, it is necessary to determine the success of the microbial community.

In this study, tin ore was desulfurized by a defined consortium that consisted of typical
moderate thermophiles. The success of microbial communities during the process was
analyzed by high-throughput sequencing. The pyrite removal rate was determined by
Inductively Coupled Plasma (ICP). After bioleaching, the mineral residue was analyzed
by a Scanning Electron Microscope (SEM) and X-ray Diffraction (XRD). This study aims
to demonstrate the potential of bio-desulfurization of tin ore in industrial applications
through laboratory-scale investigations.

2. Materials and Methods
2.1. Minerals

The cassiterite–polymetallic sulfide minerals used in this study were from Myanmar.
The material was crushed and sieved to obtain a size fraction < 1 mm. The analysis of
minerals was conducted using X-ray Diffraction (XRD). The procedures were as follows:
The wavelength and step size were 0.15406 nm, and the operating conditions were 45 kV
and 25 ◦C. The step time was 0.004 s and 28.5 s. The samples were scanned at 5–80 ◦C. The
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elemental analysis and semi-quantitative determination of minerals were carried out using
the semi-quantitative method of X-ray Fluorescence (XRF).

2.2. Bacterial Strains and Cultivation Conditions

S. thermosulfidooxidans, A. caldus, and L. ferriphilum were selected from an acid mine
drainage and were stored in the Key Laboratory of Biohydrometallurgy of Ministry of
Education, Central South University. This medium was modified by an iron-free 9 K
medium and consisted of the following compounds: (NH4)2SO4 3.0 g/L, Na2SO4 2.1 g/L,
MgSO4·7H2O 0.5 g/L, K2HPO4 0.05 g/L, KCl 0.1 g/L, and Ca (NO3)2 0.01 g/L [18]. Also,
10 % tin-rich minerals were added into a 150 mL medium, and the pH was adjusted to 2.0.

2.3. Bioleaching Experiments

Bioleaching experiments were performed with a 10% pulp density, inoculated with
L. ferriphilum, S. thermosulfidooxidans, and A. caldus by a mixed culture and pure culture
suspension at 10% v/v. The percentage of the three strains in diverse cultures was 1:1:1. The
cells at the mid-logarithmic phase were obtained by centrifuging at 10,000× g for 10 min.
Then, they were washed twice with sterilized acidified water (pH 2.0) and resuspended
in the medium. The initial bacterial population in the inoculation was 2 × 107 cells/mL.
The tin ore was autoclaved at 115 ◦C for 30 min. Flasks (5 L) were incubated at 45 ◦C and
shaken at 170 rpm. All experiments were carried out in triplicate.

The total iron concentrations were determined every two days by Inductively Coupled
Plasma (ICP) [18]. The percentage of bio-desulfurization was defined as the concentration
of the total iron divided by the value of the total concentration of iron in tin ore (tin ore
was digested with aqua regia). The pH and reduction–oxidation potential (ORP) were
determined every two days [12]. The pH value was measured with a PHS-3E acid meter
(LEICI, Shanghai, China), and the ORP (vs. Ag/AgCl) value was measured with a platinum
electrode as a reference. Bacterial populations in the liquid phase were counted with a
blood cell counting chamber under a CX31 optical microscope (Olympus, Tokyo, Japan).

2.4. EPS Extraction and Measurement

The cells were collected after 4-, 8-, 12-, and 20-day incubation. Each 200 mL culture
was collected by centrifuging at 10,000× g, 4 ◦C for 20 min, and resuspended the cell pellets
with 15 mL Milli-Q water and 1 g of glass beads. Next, the mixture was vortexed for 15 min
at 3000 rpm, the solution was centrifuged at 10,000× g, 4 ◦C for 15 min, and the supernatant
was collected.

The concentration of EPS was detected following our previous work [19,20]. The
concentration of extracellular polysaccharides was measured using the phenol sulfuric
acid method. Protein contents were detected with a BCA kit (Elabsience, Shanghai, China).
eDNA was quantified by a NanoDrop ND-1000 spectrophotometer (NanoDrop Technolo-
gies, Wilmington, DC, USA). The activity of glucose-6-phosphate-dehydrogenase (G6PDH)
was measured, following the product instructions for calculating cell lysis rate.

2.5. Community Structure Analysis of the Mixed Culture
2.5.1. DNA Extraction

The DNA was extracted from a 100 mL sample of the stirred tank reactor by cen-
trifugation at 10,000× g for 15 min. Genomic DNA was prepared using the EZ-10 spin
column genomic DNA isolation kit from Bio Basic Inc. (Changsha, China), according to the
manufacturer’s instructions for bacterial DNA extraction [21].
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2.5.2. Primers and PCR Amplification for High-Throughput Sequencing and Calculation of
Cell Number of Three Strains

16S rRNA gene V4 variable-region were amplified using universal primers 27F and
1492R [22]. PCR amplification was performed using Taq DNA polymerase, and samples
were subjected to 30 cycles of 45 s of denaturation at 95 ◦C, 45 s of annealing at 55 ◦C, and
2 min of elongation at 72 ◦C in a Mastercycler Personal of Eppendorf Model (Hamburg,
Germany). Amplification products were analyzed by electrophoresis on a 0.9% agarose gel
and stained with ethidium bromide (EB). The DNA was sequenced by Illumina HiSeq2000
(Major, China). The cell density was calculated after high-throughput sequencing. The total
cell density was calculated by hemocytometer under the microscope.

3. Results
S. thermosulfidooxidans, L. ferriphilum, and A. caldus are the typical moderately ther-

mophilic bacteria. They were used for the bio-desulfurization of tin ore in this study. This
indicates that a mixed culture of S. thermosulfidooxidans, L. ferriphilum, and A. caldus can
enhance the sulfide mineral removal compared with the pure culture.

3.1. The Bio-Desulfurization of Tin Ore by the Moderately Thermophilic Bacteria

Mixed and pure cultures were used for the bio-desulfurization of tin ore, respec-
tively. It was shown in Figure 1 that the diverse culture could achieve the maximum
cell density on the 8th day, which was 2.6 × 108 cells/mL. In the pure culture, the cell
density of S. thermosulfidooxidans and L. ferriphilum could reach 2.38 × 108 cells/mL and
2.41 × 108 cells/mL on the 12th day, respectively. However, A. caldus showed minimal
growth in the bio-desulfurization system.
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Figure 1. Growth curve of moderately thermophilic bacteria used for bio-desulfurezation of tin ore.

As shown in Figure 2A, the concentration of the total iron ions (both Fe3+ and Fe2+) in
the system by the mixed culture reached the maximum value (15.98 g/L) on the 12th day (the
percentage of desulfurization achieved over 90%). However, the pure culture of L. ferriphilum
and S. thermosulfidooxidans took 14 days to achieve the same percent of desulfurization.
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Figure 2. Total concentration of iron (A) and percentage of desulfurization of tin ore (B) by moderately
thermophilic bacteria.

3.2. Changes in pH and Oxidation–Reduction Potential During Bio-Desulfurization of
Tin-Rich Ore

The bio-oxidation of pyrite was a process of sulfuric acid production. During the
bio-desulfurization process, the pH values decreased on a large scale. It can be seen in
Figure 3A that the pH value achieved the minimum value on the 16th day by the mixed
culture, and it was consistently lower than that of the pure culture (Figure 3A). The pH
values of S. thermosulfidooxidans and L. ferriphilum reached 0.93 and 0.83 on the 18th day,
respectively. As shown in Figure 3B, the oxidation–reduction potential (ORP) of the mixed
culture reached 615 mV on the 10th day, while the pure culture reached the maximum
value (575 mV) at least 16 days. When the ions in the bioleaching system achieved balance,
the ORP remained stable.
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3.3. SEM and XRD Analysis of Residues After Desulfurization of Tin Ore

SEM was used to observe the tin ore after bio-desulfurization. It is shown in Figure 4
that during bio-desulfurization by the mixed culture, the pure culture of S. thermosulfidooxi-
dans, or L. ferriphilum, the mineral body and lattice were severely damaged, and the mineral
particle size decreased on a large scale. The residues were crushed and porous. However,
the incubation of tin-rich ore with A. caldus did not significantly alter the mineral’s shape
or particle size.

The residues after desulfurization and the original tin ores were analyzed by XRD. As
shown in Figure 5 and Table 1, there was 44.76% pyrite in the original tin ores, while
it cannot be detected after bioleaching. However, residues showed that the jarosite
(KFe3(SO4)2(OH)6) formed on the surface of minerals was mainly sulfide. Pyrite was
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almost completely leached out by the mixed culture, and jarosite (5.74%) produced lower
than that in the pure culture (over 6.43%). As pyrite bioleached, the percentage of the
other phases increased. This showed an increase in cassiterite concentration during the
desulfurization of tin ore. The main composition of cassiterite was SnO2, which cannot be
dissolved in diluted sulfuric acid.
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Table 1. Phase analysis from XRD of control, S. thermosulfidooxidans, L. ferriphilum, and mixed culture.

Phase
(Percentage > 0.1%, 1%) Pyrite Jarosite Cassiterite Quartz Tourmaline Mica Others

Mixed culture 0 5.74 26.46 37.84 11.57 15.39 2.82
L. ferriphilum 0 6.34 26.38 38.19 12.28 14.29 2.52
S. thermosulfidooxidans 0 5.86 26.62 33.56 12.15 18.32 3.49
Control 44.76 0 21.96 18.54 8.17 8.20 13.74

To analyze the elemental composition of the residues, XRF analysis was conducted,
with the results presented in Table 2. After incubation with bacteria, the concentrations
of sulfur (S) and iron (Fe) decreased to approximately 2% and 0.005–3.269%, respectively.
Meanwhile, the concentration of tin (Sn) increased from 3.66% to 4.781% in the mixed
culture system. Compared to the pure cultures of S. thermosulfidooxidans and L. ferriphilum,
the mixed culture achieved a nearly complete leaching of iron. As mentioned before, the
iron originated from pyrite. Therefore, the mixed culture demonstrated higher efficiency in
desulfurization than the pure cultures.

Table 2. Elements analysis from XRF of control, S. thermosulfidooxidans, L. ferriphilum, and mixed culture.

Z Formula Concentration %
Control L. ferriphilum S. thermosul-

fidooxidans
Mix

Culture

8 O 35.1 41.8 42 41.9
11 Na 0.163 0.295 0.311 0.313
12 Mg 0.633 0.907 0.929 0.956
13 Al 2.26 5.642 5.626 5.591
14 Si 22.71 25.82 26.42 26.9
15 P 0.0036 0.0944 0.0768 0.0724
16 S 17.52 2.31 2.12 1.72
19 K 0.4 1.87 1.76 0.013
20 Ca 1.0902 0.0749 0.0807 1.63
22 Ti 0.1 0.351 0.345 0.0766
24 Cr 0.003 0.014 0.014 0.347
25 Mn 0.003 0.004 0.004 0.014
26 Fe 16.29 3.269 2.84 0.005
29 Cu 0.003 0.007 0.006 2.298
30 Zn 0.004 0.003 0.003 0.007
31 Ga 0.001 0.003 0.003 0.003
33 As 0.012 0.011 0.01 0.003
37 Rb 0.005 0.0069 0.006 0.009
38 Sr 0.001 0.001 0.0169 0.0059
40 Zr 0.0132 0.0171 0.001 0.001
41 Nb 0.002 0.001 0.021 0.0021
48 Cd 0.002 0.021 3.766 0.023
50 Sn 3.66 3.785 3.766 4.781
74 W 0.003 0.01 0.0275 -
82 Pb 0.016 0.0325 0.0368 0.0283
83 Bi 0.002 0.0444 0.0321 0.0298

3.4. Community Success and EPS Changes in Mixed Culture During Bio-Desulfurization of
Tin Ore

The community structure was analyzed to demonstrate why the mixed culture be-
haved better than the pure culture during the bio-desulfurization of tin ore. As shown
in Figure 6A, the community success of mixed culture during the bio-desulfurization of
tin ore at the fourth, eighth, twelfth, sixteenth, and twentieth days was characterized by
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high-throughput sequencing. As shown in Figure 6A, during the early period of desulfur-
ization, S. thermosulfidooxidans and A. caldus are the dominant species. They account for
55.75% and 42.94%, respectively, while almost no L. ferriphilum existed in the system. The
reason for S.thermosulfidooxidans and A.caldus being the dominant species during the
early phase might be attributed to the high pH values (Figure 2A). In the early phase, S.
thermosulfidooxidans could grow with Fe2+ and sulfides. A. caldus was the main contributor
in consuming sulfides. In addition, S. thermosulfidooxidans and A.caldus thrive better within
this range (1.6 to 2.0). The pH range between 1.4 and 1.8 is optimal for L. ferriphilum, which
explains why L. ferriphilum was hardly detected [10].
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EPS was also measured as shown in Figure 6B. Extracellular proteins (e-PN) were the
major components of EPS during the whole bioleaching process. Extracellular polysaccharides
(e-PS) produce a large ratio during the early bioleaching period, but it decreased after 12 days.
The low concentration of e-DNA indicates that the result of EPS extraction is significant.

4. Discussion
S. thermosulfidooxidans, L. ferriphilum, and A. caldus are the typical moderately ther-

mophilic bacteria. They are commonly used for bioleaching. However, the knowledge
gap is caused by a lack of exploration of the bio-desulfurization of tin ore using moder-
ately thermophilic bacteria. Thus, the results obtained in our study provide an alternative
approach to the desulfurization of tin ore.

4.1. Mixed Culture of the Moderately Thermophilic Bacteria Enhanced the Bio-Desulfuriztion of
Tin Ore

As shown in Figures 1 and 2, the mixed culture of S. thermosulfidooxidans, L. ferriphilum
and A. caldus can improve the bio-desulfurization rate of tin ore. Dana et al. reported
that S. thermosulfidooxidans and L. ferriphilum are iron oxidation bacteria and pyrite was
bioleached [23]. However, A. caldus is a sulfur-oxidizing bacterium and cannot directly
biodegrade pyrite [24]. It indicated that pyrite was initially bioleached by iron-oxidizers,
and when the sulfur of pyrite is soluble or becomes S0 on the surface of the minerals,
A. caldus can biodegrade them [24]. It indicated that the mixed culture was more easily
adapted to the bio-desulfurization environment than the pure culture. In addition, irons
dissolved in a medium by L. ferriphilum and S. thermosulfidooxidans can promote the growth
of A.caldus [25]. It also demonstrated that bio-desulfurization of the tin-rich ore is a
promising method for removing pyrite.
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4.2. Qualitative and Quantitative Analysis of the Desulfurization System

A higher concentration of H+ ions was produced by the mixed culture compared to
the pure culture. This indicates that A. caldus in the mixed culture metabolized the soluble
thiosulfate and sulfur to sulfuric acid, which leads to a drop in pH value [26]. During
the bioleaching of tin ores with the pure culture, the pH values of S. thermosulfidooxidans
were lower than that of L. ferriphilum because it could metabolize both iron and sulfides,
resulting in the production of more H+ ions [27]. ORP is associated with the concentration
of iron and H+. Higher concentrations of iron ions and H+ in the system increase the ORP
value. The concentration of iron ions in the mixed culture was higher than in the pure
culture and the pH value was lower than that of the pure culture. Therefore, the ORP value
of the mixed culture is higher than that of the pure culture.

Compared to the pure culture, there was less jarosite produced in the mixed culture
system. It is reported that the low pH values are beneficial to decrease the content of
jarosite in residues [28]. But a higher concentration of Fe3+ and loss of Fe2+ enhanced
the formation of jarosite [29]. During pyrite bioleaching, the percentage of other phases
increased, showing concentrated cassiterite during the desulfurization of tin ore. The main
composition of cassiterite was SnO2, which cannot be dissolved in diluted sulfuric acid [30].
The formation of jarosite on the surface of the residue may affect the flotation of tin ore;
therefore, whether jarosite affects the subsequent flotation needs to be verified by flotation,
which will also be a test conducted in the future. It is reported that many collectors are
efficient in recovering the particle size 6~38 µm. The flotation efficiency decreases the
particle sizes by >38 µm and <6 µm [8]. However, the characteristics of tin ores are lower
tin-grade, finer grain size, and more complicated mineralogy [8]. The residues after the
bio-desufurization of tin ores also showed that cassiterite became finer grain size. Thus,
to improve the flotation efficiency and tin-grade, using the traditional flotation method to
remove most of the sulfide minerals to obtain cassiterite, bio-desulfurizing the cassiterite
in the next step may be a good choice. The solution after bioleaching may be used for
recovering lithium from the cathode material of waste lithium iron phosphate batteries,
bioleached minerals like chalcopyrite, or other precious metals [31–33].

4.3. Mechanism of Mixed Culture Enhancing Bio-Desulfurization of Tin-Rich Ore

A mixed culture can enhance the bio-desulfurization of tin-rich ore due to the cooper-
ation of three strains. S. thermosulfidooxidans could grow with Fe2+ and sulfides. As shown
in Figure 7 A. caldus was the main contributor in consuming sulfides. In addition, S. thermo-
sulfidooxidans and A. caldus thrive better within this range (1.6 to 2.0). While the pH range
between 1.4 and 1.8 is optimal for L. ferriphilum. It was proven that a higher concentration of
ferrous ions in the solution is conducive to the growth of L. ferriphilum [30]. In addition, the
previous studies suggested that the cell numbers of sulfur-oxidizing bacteria often exceed
iron-oxidizing strains [34], which may explain the lower biomass of L. ferriphilum. As the
bioleaching went on, L. ferriphilum eventually became the dominant species (76.08%). It sug-
gested that the tolerance of L. ferriphilum to low pH and high concentrations of Fe3+ is much
better compared with S. thermosulfidooxidans, which is consistent with previous reports [30].
In addition, the accumulation of organic compounds in the later stage is beneficial to L.
ferriphilum [33]. Moreover, A. caldus was consistently detected in the system as A. caldus is
a sulfur-oxidizing bacterium with acid-producing solid ability. The low pH environment
generated inhibits the formation of jarosite [35]. In addition, S. thermosulfidooxidans and L.
ferriphilum could grow in a co-culture with A. caldus, which researchers have confirmed [36,37].
This defined consortium can strengthen strain communication and cooperation, which results
in more practical applications in bio-desulfurization processes. It indicated that increasing the
biomass of S. thermosulfidooxidans and A. caldus during the early bioleaching process would be
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beneficial to the bio-desulfurization of tin ore. Increasing the biomass of L. ferriphilum during
the stable period could improve the desulfurization efficiency.
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Figure 7. The mechanism of the mixed culture during the desulfurization of tin ore. The ratio of hearts
and stars indicates the content of extracellular proteins (e-PN) and extracellular polysaccharides
(e-PS), respectively. The pyrite from tin-polymetallic sulfide ores was leached with the H+, resulting
in the formation of Fe2+, H2S2 and S2O3

2−. After 4 days of incubation, pH and Fe2+ concentrations
are favorable for the growth of S. thermosulfidooxidans and A. caldus growth. As the concentration of
H+ and Fe3+ increases, the cell density of L. ferriphilum increases, eventually becoming dominant. A.
caldus removes elemental sulfur S0 and other sulfides enhancing the bioleaching of pyrite, therefore
it persists throughout the bioleaching system. In addition, the content of e-PN increased as the
concentration of H+ and Fe3+ increased while the content of e-PS decreased.

In addition, cells produced more e-PNs to detoxify Fe3+ and extremely acidic condi-
tions [20,38]. Moreover, e-PNs involved in the quorum-sensing system could enhance the
bioleaching efficiency and facilitate bacteria-to-bacteria movement [37–39]. In addition, e-
PNs were also found to participate in defending against reactive oxygen species (ROS) [40].
ROS is generated by surface reactions in metal sulfides due to molecular oxygen in the
solution reacting with lattice-bound iron, which harms cellular metabolic activity [40]. It
is reported that e-PS and e-PNs and biofilm formation are defense ROS strategies for L.
ferriphilum [10], which can explain the ratio of L. ferriphilum increased in the later bioleach-
ing period. Furthermore, as we all know, the iron oxidation pathway in L. ferriphilum
involves the electron from Fe2+ transferring from outer membrane cytochrome c (Cyt572)
to periplasmic cytochrome c (Cyt579). The electrons then pass through a cbb3-type terminal
oxidase, generating water using oxygen as the electron acceptor. Alternatively, the electrons
can be transferred to the bc1 complex and then to NADH dehydrogenase via the quinone
pool [41]. Altogether, this led to the increased production of e-PNs.

5. Conclusions
Typical moderately thermophilic bacteria were used for the bio-desulfurization for

tin ore. The desulfurization efficiency of tin ore was achieved at 90% within ten days
by the mixed culture, while six extra days were required to reach the same efficiency
with the pure culture. The XRD analysis of residues showed that pyrite was completely
leached out by the mixed culture, and the quantity of jarosite was lower than in the pure
culture. Furthermore, the mixed culture-reduced jarosite led to high-efficiency bioleaching
in desulfurization. Moreover, S. thermosulfidooxidans was the dominant species in the early
period while the L. ferriphilum was the dominant species in the later stage instead. A.
caldus was the main contributor during the whole bioleaching process. Thus, to achieve
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the industrial application, the flotation of cassiterite will be explored in the future, and
combining traditional methods with biological desulfurization of cassiterite will be another
viable option. Additionally, investigating whether the bioleaching solution can be used to
leach other metals from waste or ores will be an important research direction.
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